In mice, alveolarization occurs during postnatal days 4 through 12, when secondary alveolar septae create thin walled alveoli in the distal lung. We hypothesized that genes predominantly expressed in newly forming secondary alveolar septae influence the process of alveolarization. To address this hypothesis, tips of secondary alveolar septae were isolated from sections of postnatal day 6 mouse lung tissue using laser capture microdissection. Total RNA was isolated and amplified from the dissected alveolar septal tips and from intact postnatal day 6 lung tissue. Gene expression in the samples was characterized using Affymetrix mouse U74AN2 Gene Chips. Galectin-1 was an abundantly expressed transcript that was enriched in the alveolar septal tips when compared to levels in the whole lung tissue. Galectins are beta-galactosidebinding proteins involved in the regulation of cell proliferation, differentiation and apoptosis in fibroblasts, muscle cells and endothelial cells, all cell types present in the alveolar wall.
Introduction
Alveoli constitute the site of gas exchange in the lung. The process by which alveoli are formed is not well understood. In humans, the formation of alveoli begins late in gestation and continues through the first few years of postnatal life (24) . Prematurely born infants are at risk of developing bronchopulmonary dysplasia (BPD), a disease in which the postnatal formation of alveoli is impaired (16, 17) . The number of alveoli is also greatly reduced in emphysema, a lung disease that produces great morbidity and mortality in adults (36) . Unfortunately, there are currently no treatments that promote the regeneration of alveoli in damaged lung tissue (2) . Thus, a better understanding of the process of alveolarization could potentially lead to novel therapies for both BPD and emphysema, as well as for other devastating lung diseases.
In the developing lung, alveoli are created by the growth of secondary septa that divide the terminal airspaces into thin walled sacs (24) . We hypothesized that the tips of secondary alveolar septa contain differentially expressed gene products that mediate alveolarization. We isolated secondary alveolar septal tips from developing mouse lung tissue using laser capture microscopy (LCM), analyzed their gene expression profile and compared their profile to that of whole lung tissue from day 6 neonatal mice. Using this approach, we determined that several gene products, including galectin-1, are enriched in the tips of alveolar secondary septa.
Galectins are beta-galactoside-binding proteins whose expression is developmentally regulated in several tissues (37) . Furthermore, it is known that the galactose-binding lectin activity in rodent lung peaks during the time of alveolarization (7, 39) . However, there are at least 10 different mammalian galectins and the roles of the individual galectin gene products in lung development have not yet been elucidated (37) . In the present study of newborn mice, we demonstrate that galectin-1 mRNA and protein are enriched in myofibroblasts present in the 
Methods

Animals
Time-dated, pregnant C57/bl6 mice were purchased from Harlan (Indianapolis, IN).
Animals were housed in a pathogen-free environment at the University of Iowa Animal Care Unit, fed Harlan Teklab 7001 mouse chow and provided water ad libitum. Pregnant mice were killed on day 19 of pregnancy, the fetuses were removed and fetal lung tissue was dissected.
Neonatal mice were killed at postnatal days 6, 12, and 28 and the lung tissue dissected. Lung tissues from adult mice (at least 7 weeks of age) were also collected. This study was approved by the University of Iowa Animal Care and Use Committee.
Tissue
For biochemical measurements, the lung tissues were snap frozen in liquid nitrogen and stored at -80D until analysis. For laser capture microscopy (LCM), lung tissue from day 6 neonatal animals was gently inflated via the trachea with a 1:1 mixture of Tissue-Tek OCT compound and phosphate buffered saline (PBS), cut into pieces and snap frozen in liquid nitrogen. Lung tissue for immunohistochemical studies was inflation fixed via the trachea with 10% zinc formalin (LABSCO, Louisville, KY) at 20 cm H 2 0 pressure and then paraffin embedded (11) .
Laser Capture Microscopy
Frozen, OCT-inflated lung tissues from day 6 neonatal mice were sectioned 7 µm thick, then thaw-mounted onto glass slides. Slides were stained using the HistoGene LCM Frozen Section Staining Kit (Arcturus, Mountain View, CA) and air-dried. Sections used for collecting Final Accepted Version LCMP-00054-2006.R1 6 secondary alveolar septal tips by LCM were prepared within 1 hour of use. Cap Sure Pads (Arcturus, Mountain View, CA) were used to remove debris from the sections prior to LCM.
Secondary alveolar septal tips were collected with a Pixcell II LCM system and CapSure™ HS LCM caps (Arcturus). LCM was performed at 40 X magnification using a 7.5 µm laser beam, laser power of 75 mV and a laser duration of 1.5 mS. The laser pulse was centered over the distal aspect of secondary alveolar septae in the neonatal lung tissue. Typically, about 500 secondary alveolar septal tips were collected per LCM cap. Tissue from each frozen section was collected using a new cap; approximately 20 caps were obtained for each experiment.
RNA Isolation, Amplification and Hybridization to Affymetrix GeneChips
Ten thousand secondary alveolar septal tips were collected from ten day 6 neonatal mice, which were obtained from 3 litters. Total RNA from the pooled LCM samples was isolated immediately after each microdissection session (generally from 2 to 3 caps) using an RNAqueous-4 PCR kit (Ambion, Austin, TX). Total RNA was also isolated from day 6 neonatal whole lung tissue in parallel. Pooled RNA isolated from the LCM-dissected secondary alveolar septal tips and from the whole lung tissue (2 µg) underwent two rounds of amplification, in parallel, using a RiboAmp™ RNA Amplification Kit (Arcturus). The amplified RNA was then used to generate cDNA and biotin-labeled cRNA. The biotin-labeled cRNA was hybridized to Affymetrix mouse U74Av2 GeneChips (Affymetrix, Santa Clara, CA). The whole lung tissue and LCM-dissected secondary alveolar septal tip samples were processed simultaneously. Data were analyzed using Affymetrix MAS software. The entire experiment was repeated with tissue obtained from an additional 10 mice obtained from an additional 3 litters. In addition, each individual cRNA sample was hybridized to two different GeneChips. The microarray data are 
Immunohistochemistry
Immunostaining of day 6 neonatal and adult mouse lung tissues was performed using 5 µm paraffin sections that were deparaffinized and rehydrated. For antigen retrieval, the sections were boiled in 0.1M sodium citrate for ten minutes, and cooled for twenty minutes. Endogenous In further experiments, double immunostaining was used to co-localize galectin and smooth muscle actin in day 6 neonatal lung tissue. Frozen sections (7 µm thick) were prepared from 50% OCT-inflated day 6 neonatal lung tissue. After fixation in freshly prepared 2% paraformaldehyde for 10 minutes, sections were rinsed, then incubated in 1% donkey serum in PBS for 1 hour at room temperature to block non-specific antibody binding. The sections were 
Fibroblast Culture
Whole lung tissues obtained from postnatal day 6 mice were minced under sterile conditions. The lung tissue was incubated in a 0.25% trypsin-0.01 M EDTA solution (Invitrogen Corporation, Carlsbad, CA) for 45 minutes with trituration every 10 minutes, then the dispersed cells were centrifuged at 600 X g. The resuspended cells were plated in plastic tissue culture dishes in culture medium and allowed to adhere for 2 hours. Non-adherent cells were removed and the adherent fibroblasts rinsed with fresh culture medium. This method results in preparations of >95% fibroblasts (6) . The cells were cultured in RPMI medium with 10% fetal bovine serum and 100 units/ml penicillin G, 100 µg/ml streptomycin sulfate and 0.0025 µg/ml amphotericin B (Invitrogen, Carlsbad, CA). Media were changed every three or four days. The cells were passed after confluence. Experiments were performed using cells from passages one or two.
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Immunoblot analysis
Whole lung tissues were obtained from fetal day 19, postnatal days 6, 12 and 28, and adult mice. The tissue was homogenized in PBS that contained 1 mM phenylmethylsulfonylfluoride, a protease inhibitor, then a 600 X g supernatant was obtained.
Protein content was assayed using Bradford analysis (5). One hundred micrograms of total protein from each sample were electrophoresed in 15% Tris-glycine gels, then transferred electrophoretically to nitrocellulose membranes. After blocking non-specific sites on the membrane for 2 hours at room temperature in Tris buffer, pH 7.2, that contained 7% dry milk and 1% Triton X 100, the membranes were incubated in a 1:1000 dilution of the goat anti-mouse galectin-1 antibody in Tris buffer with 1% Triton X 100 (TNT) overnight at 4 degrees. After 3 rinses in TNT buffer, the membrane was incubated for 45 minutes at room temperature in rabbit anti-goat IgG conjugated to horseradish peroxidase (1:8000, Sigma, St. Louis, MO). The positive signal was detected using an ECL™ kit (Amersham Biosciences, Buckinghamshire, England).
To document equivalent protein loading, membranes were stained with amido black and photographed (26).
Real-Time PCR
Total RNA was isolated from whole mouse lung tissues obtained at fetal day 19, postnatal days 6, 12 and 28, and from adult animals using the RNAqueous-4PCR kit (Ambion). an initial denaturation step of 95DC for 10 minutes, 40 cycles of PCR were carried out at 95DC for 15 seconds and at 60DC for 1 minute. Each sample was assayed in triplicate. The relative amount of galectin-1 mRNA was calculated after correction for GAPDH mRNA levels using the comparative threshold cycle (C T ) method described in the ABI PRISM 7700 Sequence Detection System User Bulletin #2 (Applied Biosystems, Foster City, CA). As a control, the C T values obtained from real time RT-PCRs performed with increasing amounts of total RNA and either the galectin-1 or the GAPDH primers were plotted. The two primer sets produced parallel curves with similar slopes.
Statistical Analysis
Quantitative data were analyzed using SigmaStat (Jandel Scientific, San Rafael, CA).
Depending on the experimental design, data were analyzed using either regression analysis, Student's unpaired t-test, or one way analysis of varience (ANOVA) and Student-NewmanKeuls multiple comparisons. Experiments were repeated at least three times unless noted otherwise.
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Results
Laser Capture Microscopy
Alveolarization occurs during postnatal lung development in the mouse, primarily from postnatal days 4 to 12 (1) . We used day 6 neonatal lung tissue as a source for collecting the tips of newly forming secondary alveolar septae. As shown in Figure 1A , secondary alveolar septal tips were collected in frozen sections of the lung tissue by laser capture using a 7.5 µm laser spot.
The photographs shown in Fig. 1 were obtained without a coverslip and represent the actual appearance of the lung tissue during the laser capture process. The secondary alveolar septal tips were isolated by lifting the cap off the section. Figure 1B shows the tissue after the cap has been removed. A photograph of the LCM cap shows the dissected secondary alveolar septal tips present on the cap (Fig. 1C) . Approximately 10,000 secondary alveolar septal tips were collected on LCM caps and total RNA was isolated from the pooled LCM-dissected tissue. Because the amount of total RNA obtained from the LCM dissected samples was too small to measure accurately, it was amplified prior to use for microarray studies. Total RNA isolated from intact day 6 neonatal mouse lung tissue was amplified in parallel.
Microchip Gene Array Experiments
We performed two hybridization experiments using Affymetrix U74Av2 mouse gene chips. In addition, each cRNA sample was hybridized to two different chips to assess the reproducibility of the data. The results from the replicate chips were almost identical (data not shown). Linear regression analysis was used to compare the results of the two independent experiments with respect to gene expression patterns in the secondary alveolar septal tips and in whole neonatal mouse lung tissue ( Fig. 2A and B) . There was excellent reproducibility of the Final Accepted Version LCMP-00054-2006.R1 signal intensity of the genes detected in the whole lung samples in the two experiments, with a correlation coefficient of 0.920 (p<0.001, Fig. 2A ). There tended to be more variation observed for genes with lower signal intensities, especially below 1,000. The same comparison was performed for the data obtained from the LCM-dissected alveolar secondary septal tips (Fig. 2B) .
The correlation coefficient for these data was slightly lower, 0.881, but still highly significant (p<0.001). Again, the greatest variability was observed for genes having signal intensities of less than 1,000. For this reason, in order to identify genes involved in alveolarization, we only included genes with a signal intensity of at least 1,000 in the secondary septal tips in all 4 microchip gene array determinations. We detected 56 genes in the secondary septal tips that were present according to the Affymetrix software, were also significantly increased in signal intensity in the tips of the secondary alveolar septa when compared to their signal intensity in whole lung tissue and were greater than 2 fold increased in the alveolar secondary septa tips (Table 1) . Fiftyone of these genes had been previously characterized (i.e., were not expressed sequence tags). Table 1 shows the twenty-five genes with the largest increase in signal intensity in the secondary alveolar septal tips when compared to their signal intensity in the day 6 whole lung tissue.
Expressed sequence tags and 5 ribosomal protein genes were eliminated from the list. One of the genes identified in this screen was galectin-1, which had a mean signal intensity of ~12,700 in the secondary alveolar septal tips and a mean increase in signal intensity of about 7 fold when compared to the signal intensity of galectin-1 in the day 6 whole lung tissue (Table 1 ). Figure 3 shows the localization of galectin-1 protein in postnatal day 6 mouse lung tissue.
Immunostaining
Galectin-1 immunostaining was especially concentrated in the distal aspect of secondary alveolar (Fig. 3A) . Intense galectin-1 staining was also present in small crests present on the walls of the primary septa. These small crests may represent newly forming secondary septa (Fig. 3A) .
Galectin-1 immunostaining was localized to cells in the center of the secondary septae in the neonatal lung (Fig. 4A) . Galectin-1 staining was also present in small, newly forming secondary septa (Fig. 4E) . Galectin was present in both the nuclei and cytoplasm of positively stained cells (Fig. 4A, E) . Lung sections were also stained for alpha smooth muscle actin, endoglin and surfactant protein B (SP-B) (Fig. 4) . Smooth muscle actin appeared to be present in the same cell type that contained galectin-1 (Fig. 4B, F) . Based on the location, morphology and expression of smooth muscle actin in this cell type, we identify these cells as a myofibroblasts (20) . In order to rule out endothelial cells or epithelial cells as the galectin-1 expressing cell type, some sections were stained for an endothelial cell marker (endoglin) or for SP-B, which is produced by alveolar type II cells (19, 29) . The staining patterns observed for these antigens were very different from that observed for galectin-1 and smooth muscle actin (Fig. 4) .
Endoglin-positive, attenuated endothelial cells (Fig. 4C, G) were located close to the periphery of the secondary alveolar septa while SP-B positive cuboidal alveolar type II cells were located at the base of secondary alveolar septa (Fig. 4D, H) .
In a further experiment, galectin-1 and smooth muscle actin were co-localized in the day 6 neonatal lung tissue using double immunostaining and confocal microscopy (Fig. 4) . Galectin-1 ( Fig. 4I ) and smooth muscle actin (Fig. 4J) were concentrated at the tip of newly forming secondary alveolar septae. Merging of the galectin-1 and actin images revealed co-localization of the two antigens (Fig. 4K) .
Adult mouse lung tissue had very small amounts of galectin-1 protein when immunostained using the same concentration of the primary antibody (1:1000) used to stain the neonatal lung tissue. In further experiments using less dilute primary antibody (1:500), some galectin immunostaining was detected in the base of alveolar attachments to blood vessels and the pleura and at the distal aspects of some alveolar septae (Fig. 5) .
Galectin-1 in Cultured Neonatal Lung Fibroblasts
In further experiments, fibroblasts were prepared from day 6 neonatal mouse lung tissue and maintained through 2 passages to increase their number. Immunoblot analysis showed that the neonatal lung fibroblasts contain galectin-1 protein in amounts comparable to the galectin-1 content of the day 6 neonatal lung tissue (Fig. 6 ).
Galectin-1 mRNA and Protein
The relative amount of galectin-1 mRNA present in the lung tissue of mice at different developmental stages (fetal day 19, postnatal days 6, 12, and 28, and adult) was determined using real-time PCR. The greatest concentration of galectin-1 mRNA was present in the day 6 mouse lung tissue and varied significantly as a function of developmental age (p = .040, one way analysis of variance) (Fig. 7) . The relative amounts of galectin-1 mRNA were much lower in the lungs of 28 day old and adult mice (Fig. 7) . Immunoblot analysis for galectin-1 protein was performed using total lung protein homogenates obtained from fetal day 19, postnatal days 6, 12 and 28, and adult mice. A representative immunoblot is shown in Figure 8 . Using densitometry, it was determined that the highest levels of immunoreactive galectin-1 protein were present at fetal day 19, and neonatal days 6 and 12 (p = 0.012, one way analysis of variance) (Fig. 8) . There Final Accepted Version LCMP-00054-2006.R1 15 were much lower levels of galectin-1 protein present in the adult mouse lung tissue than in neonatal lung (Fig. 8 ).
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Discussion
In the present study, we found that galectin-1 mRNA and protein levels are at peak levels in neonatal mouse lung tissue relative to adult levels and are enriched 7-fold in the tips of secondary alveolar septa when compared to the galectin-1 content in neonatal whole lung tissue.
Immunostaining showed that the galectin-1 protein is localized to the nuclei and cytoplasm of alveolar myofibroblasts. It has previously been reported that the activity of a dimeric galactosebinding lectin, probably galectin-1 based on its molecular weight, peaks during the time of alveolarization in rats, hamsters and guinea pigs (38) . Our data demonstrate that galectin-1 mRNA and protein levels in mouse lung tissue peak during the period of alveolarization, an observation that adds support to the hypothesis that galectins are important in the alveolarization process. Galectin-1 knockout mice have been described as phenotypically normal; however, lung morphology and function have not been investigated in these mice (28) .
Laser capture microscopy is a powerful tool that has been used in several pulmonary studies (3, 4, 10, 34) . Several investigators have combined LCM with microarray analysis to study gene expression patterns in specific pulmonary cell types or structures (4, 25, 34) . The methods for accomplishing this always include amplification of the RNA isolated from LCM dissected samples because the amount of RNA that can be recovered from the LCM samples is very small (22) . In the present study, we used established methods to isolate and amplify RNA from the tips of alveolar secondary septae isolated from neonatal mouse lung tissue. We then compared the gene expression profile of the pooled dissected alveolar septal tips to that of whole lung tissue. Using accepted criteria (i.e., called "present" by the Affymetrix software, a change of greater than 2-fold, and a signal intensity greater than 1000), we identified genes whose expression was increased in secondary alveolar septal tips. To confirm our findings, we repeated In addition to galectin-1, we identified other genes that were enriched in the tips of the secondary septa, including at least two that have previously been linked to alveolarization, i.e. tenascin C and drebrin (Table 1 ) (40, 41). Tenascin C is an extracellular matrix glycoprotein that promotes a migratory phenotype in surrounding cells and has been linked to the development of the vascular system (14) . Tenascin C protein is concentrated in early postnatal rat lung tissue at the tips of secondary alveolar septa (41). Although tenascin C null mice apparently develop normally, the fetal lungs of tenascin C null mice do not undergo normal airway branching morphogenesis (30, 31) . In addition, the distal lung airspaces in neonatal tenascin C null mice are enlarged, an observation suggestive that alveolarization in these animals may be impaired (30) .
Interestingly, in our microarray screening for genes enriched in the secondary septae, we found that mRNA for another tenascin, tenascin X, was enriched almost 40-fold in the tips of the secondary septae (Table 1) . Tenascin X probably plays a role in the formation of collagen fibrils (14) . Individuals with Ehlers-Danlos Syndrome can have mutations in tenascin X (35) . These patients frequently have lung defects, in particular, large cavities in the lungs and a tendency to develop pneumothorax (8, 9, 13) . Thus, circumstantial evidence may also link tenascin X to lung alveolarization.
Another gene that we found is enriched in the tips of the secondary alveolar septa is drebrin 1 (Table 1) . Drebrin is an actin-binding protein that helps regulate actin filament organization, in particular in cell protrusions of motile cells (33) . It has recently been reported that drebrin is located in cell protrusions of alpha smooth muscle actin expressing cells in the The tips of secondary alveolar septa include several cell types, including a central core of fibroblasts, myofibroblasts, capillary endothelial cells, and a surface epithelium. We choose to study the tips of the secondary alveolar septa because some of the events that promote the growth and lengthening of the alveolar septa are likely to occur there (23, 27) . We identified galectin-1 as a protein whose mRNA is enriched in the secondary alveolar septa and we confirmed this observation by finding that galectin-1 protein was also concentrated at the tips of secondary alveolar septa. We determined that the galectin-1 protein was present in myofibroblasts in the core of the secondary septa. In addition, galectin-1 and smooth muscle actin were co-localized in this cell type. We identified this cell type as a myofibroblast based on its localization and its alpha smooth muscle actin content. The expression of alpha smooth muscle actin in lung alveolar cells has been linked to a myofibroblast cell phenotype in many studies (20, 21) . Fibroblasts isolated from neonatal day 6 lung tissue also express galectin-1, which is consistent with our identification of the galectin-expressing cell type within the secondary septae. Interestingly, galectin-1 protein was present in both the cytoplasm and nucleus of positively stained cells.
Galectin-1 has been detected in the nucleus of several other cell types and it has been postulated that galectin-1 may play a role in regulating the transcription of genes involved in differentiation (37) . Our findings suggest that galectin-1 is not expressed in endothelial cells of secondary alveolar septae, since the cellular staining pattern for endoglin, an endothelial cell marker, was markedly different than the pattern for alpha smooth muscle actin and galectin-1 staining.
Some galectin-1 protein is also present in adult mouse lung tissue, but at much lower levels than observed in the day 6 and day 12 postnatal mouse lung tissues. The adult lung Final Accepted Version LCMP-00054-2006.R1 19 galectin-1 is primarily present at sites of attachment of alveolar septa to the pleura and blood vessels. Galectin-1 immunostaining was also observed in the tips of some alveolar septa in alveolar ducts. The presence of galectin-1 in these sites is suggestive that these locations may be involved in alveolarization in the adult lung or that galectin-1 may play another role in the adult lung.
The function of galectin-1 in the lung has yet to be defined. Galectin-1 has previously been shown to stimulate the transformation of murine dermal fibroblasts to myocytes (12) . We speculate that pulmonary galectin-1 may promote the differentiation of neonatal lung alveolar fibroblasts to a myofibroblastic cellular phenotype, and via this mechanism stimulate the elongation of the secondary alveolar septa. Additionally, galectin-1 has been shown to increase cell division in cultured vascular endothelial cells (32) . Thus, another possible role for galectin-1 is stimulation of the growth of capillaries in the developing alveolar secondary septa, an essential process in the formation of an optimal air-blood interface in the forming alveolar wall. Finally, galectin-1 has been shown to induce apoptosis in several cell types (15) . Apoptosis occurs in early postnatal rat lung tissue and is increased immediately following the peak of lung alveolarization (6, 18) . The highest concentration of galectin-1 protein in postnatal lung tissue is observed at around the end of alveolarization and, therefore, galectin-1 may be involved in the regulation of apoptosis in the developing alveolar wall. We found no evidence of galectin-1 staining in septal capillary endothelial cells or alveolar epithelial cells. Thus, we conclude that galectin-1 in the neonatal lung may play a role in myofibroblast growth and differentiation and in this way influence morphogenic events within the growing alveolar secondary septa. 
